ABSTRACT: Benthic suspension feeders repackage particulate matter into organic-rich biodeposits (feces and pseudofeces) that are released into near-bottom flows. Where suspension feeders are found in dense assemblages, they physically alter the near-bottom flow field and thus may affect the local pattern of particle deposition. This dispersal pattern will control the spatial flux of biodeposits, and potential effects on sediment properties and surrounding benthic fauna. We quantified the downstream dispersal of biodeposits produced by an array of horse mussels Atrina zelandica fed either cultured phytoplankton (P) or a mixture of phytoplankton and silt (PS), a diet range that mimics the natural variation in near-bed seston quality. Experiments were run in a laboratory flume at a free-stream velocity of 4.5 cm s -1 , a value typical of field conditions. Diet had a significant effect on A. zelandica feeding activity and the dispersal of biodeposits. Compared to the P biodeposits, a greater fraction of the PS biodeposits was ejected well above the horse mussel array into the accelerated overlying flow layer (62% compared with 35%). However, more of the PS biodeposits settled either within the A. zelandica array or in the 120 cm working section downstream of the array (43 vs 17% of P biodeposits). Despite overall similarity in size, PS biodeposits had a settling velocity twice that of the P biodeposits. Of biodeposits settling downstream of the array, more than 70% settled within 20 cm of the trailing edge, regardless of diet. The density of biodeposits decreased exponentially with distance from the array at a rate that was similar for both diets. Monte Carlo simulations with a simple boundary layer model generally reproduced this pattern, but also highlighted the importance of initial height above bottom as well as flow complexities in the downstream wake region. Thus, the quality and quantity of A. zelandica biodeposits reaching the bed depends on the interaction among behavioral responses to available diet, settling velocity and boundary layer flows. Such interactions should have strong but localized effects on the incorporation of pelagic productivity into the sediments and their consequent impacts on benthic community structure.
INTRODUCTION
Dense assemblages of suspension-feeding bivalves play an important role in coastal ecosystems through their influence on benthic-pelagic coupling and nutrient cycling (Dame 1996 , Wildish & Kristmanson 1997 , Gili & Coma 1998 . Biodeposition in beds of suspensionfeeding bivalves occurs due to their physical modification of bed roughness (Fréchette et al. 1989 , Green et al. 1998 and their active filter feeding, which results in non-digested material being excreted as feces and pseudofeces (Jørgenson 1990) . Captured particles are rejected before ingestion as pseudofeces or ingested, passed through the feeding structures and gut, and compacted into feces (e.g. Ward & MacDonald 1996) . These biodeposits typically differ from the seston particles in aggregate particle size and shape, organic content and cohesive properties (Haven & Morales-Alamo 1966 , Kautsky & Evans 1987 , Dame 1993 . The repackaging of seston into biodeposits induces a downward vertical flux of material from the water column to the seabed. This biologically mediated sedimentation can result in local deposition rates that substantially exceed that of passive physical sedimentation (Verwey 1952 , Kautsky & Evans 1987 , Dame 1993 . Since biodeposits can be rich in carbon and nitrogen, this material represents a flux of organic matter that will have significant effects on the biogeochemical properties of the sediment in the depositional area (Haven & Morales-Alamo 1966 , Kraeuter 1976 , Kautsky & Evans 1987 , Norkko et al. 2001 ) and will augment the food available to deposit feeding benthic infauna (Newell et al. 1982 , Marsh & Tenore 1990 . Graf & Rosenberg (1997) asserted that such an interception of laterally advected material and the increased influx of organic matter could double the food supplied to the benthos. In dense beds of suspension-feeders or in aquaculture, high rates of biodeposition may result in dramatically increased microbial activity, and reduced anoxic conditions in the sediment (Stoeck & Albers 2000) , leading to benthic communities of low macrofaunal diversity (e.g. Mattsson & Lindén 1983 , Commito & Boncavage 1989 , Dittmann 1995 , Kroencke 1996 .
Downstream dispersal of biologically repackaged particulate matter has been extensively studied in freshwater lotic systems, especially with respect to fecal pellets produced by blackfly larvae (e.g. Wotton et al. 1998 , Fonseca 1999 . High larval abundances and slow settling of pellets result in a considerable downstream flux and transformation of organic-rich particles ). Field and laboratory flume studies have been supplemented by comprehensive modeling work to analyze the role of turbulence and the resulting distributions of travel times and hitting distances downstream (McNair et al. 1997 , McNair 2000 , McNair & Newbold 2001 .
Marine investigations of biodeposition by bivalve molluscs have focused on mechanisms of production, and on estimating vertical flux rates . However, vertical flux rate (in mass per unit area per time) is simply a point estimate and does not consider the process of biodeposit dispersal and deposition, which leads to spatial variation in flux rates. Where suspension feeders form dense assemblages, they physically alter the bottom boundary flow and may affect the local spatial pattern of particle deposition (Ertman & Jumars 1988 , Monismith et al. 1990 , O'Riordan et al. 1993 , 1995 , Nepf et al. 1997 , Pilditch et al. 1998 . Epifaunal species are likely to have the greatest effects on the near-bed flows, and the spatial patterns of deposition are likely to be related to areal density and patch size. Despite the recognized importance of spatial variability in organic matter supply to benthic community structure (e.g. Grassle 1989 , Thrush et al. 1989 , Olafsson 1992 , there are few (if any) estimates of the fraction of the biodeposits retained within a patch of suspension feeders versus that which leaves to deposit downstream. Depending on that balance, a patch may or may not export biodeposits (and associated organic matter), and the patch edge may represent a transition between flux patterns. Likewise, there are few data to suggest how far away from the patch edge effects would be apparent. Biodeposits in marine systems are generally greater in size (being produced by larger suspension feeders) and have faster sinking rates than those produced in freshwater systems ) and should thus deposit relatively close to their source. However, in light of a flow environment that can be dominated by bi-directional, wave and tidal currents interacting with bottom topography, estimating the length scales for dispersal of biodeposits is more complicated in the marine environment.
The horse mussel Atrina zelandica (hereafter referred to as Atrina) is a large (up to 30 cm long), suspension-feeding pinnid bivalve common in sandy and muddy subtidal environments around the coast of New Zealand (Powell 1979 , Cummings et al. 1998 . Atrina protrude up to 10 cm above the sediment surface and have historically formed large patches (e.g. >10 m 2 ) at abundances exceeding 100 ind. m -2 on the seafloor (Cummings et al. 1998 , Green et al. 1998 . Atrina produce copious amounts of biodeposits (J. E. Hewitt pers. comm.) and modify boundary flow conditions (Green et al. 1998) . Hence, Atrina have the potential to influence estuary-wide near-bed hydrodynamics and associated transport, deposition and entrainment of sediments. Since biodeposits may represent spatial subsidies in food supply for benthic animals, measuring the potential for, and scale of, lateral advection of biodeposits is essential to understanding infaunal benthic population and community responses. A previous field study using this suspension-feeding bivalve demonstrated strong site-specific links between biodeposition, sediment biogeochemical characteristics and macrofaunal community structure (Norkko et al. 2001) . Higher localized inputs of biodeposits and more diverse and abundant macrofaunal assemblages were found close to individuals and clusters of Atrina compared to bare patches only 30 cm away. These findings suggest the presence of distinct spatial gradients in biodeposit flux away from the suspension feeders and suggested that local variations in sedimentation could play an important role in explaining some of the patchiness of surrounding benthic communities (Norkko et al. 2001) .
The aims of this study were to quantify biodeposit dispersal from a patch of Atrina in a well-defined flow field and to measure physical and chemical characteristics (i.e. settling velocities, chemical composition) of the biodeposits. Based on a review of the pertinent literature, we predicted biodeposit production and dispersal to be dependent on at least 3 factors: seston composition, suspension-feeder behavior and structure of the near-bottom flows. We conducted pilot studies and determined that all 3 of these factors could be successfully manipulated or quantified in the laboratory using a realistic flows and patch size. We measured flow, observed feeding behavior and production of biodeposits on 2 diets, mapped biodeposit deposition downstream, and quantified biodeposit characteristics.
MATERIALS AND METHODS
Atrina collection and maintenance. Adult Atrina were collected by SCUBA in December 1999 from a natural population at 4 to 5 m depth in Mahurangi Harbour (174°44' E, 36°30' S) situated on the east coast of the North Island, New Zealand. Atrina were scrubbed clean of epifauna, held in an aerated recirculating sea water system for 4 d at 15°C on a 12:12 h light:dark cycle, and fed daily with the flagellate Isochrysis galbana before being transferred to the flume. A total of 15 healthy Atrina (i.e. open valves with extended mantle) were selected for subsequent experiments. They averaged 21.4 cm total length (range 18.5 to 26 cm) by 11.0 cm maximum width (range 9.5 to 12.5 cm).
Laboratory flume. Experiments were conducted in a recirculating flume similar to that described by Roegner et al. (1995) . Briefly, the flume consisted of a 7.23 m long, 50 cm wide, and 50 cm deep acrylic channel with a 40 cm diameter return pipe that ran beneath the flume. An impeller in the descending arm of the return pipe regulated flow speed via a variable-speed AC motor. Two flow straightener grids (1 cm 2 mesh) were positioned 40 and 52 cm downstream of the flume entrance, and the floor of the flume was smooth except for the Atrina array described below. The flume was filled to 28 cm water depth with freshly collected seawater (salinity = 30.9 ‰) filtered to 5 µm, and experiments were conducted at 19°C. In the flume, we created a horse mussel array (85 × 50 cm, starting 365 cm from the flume entrance, areal density approximately 100 m -2 ) consisting of Atrina shells plus live, actively feeding Atrina for behavioral observations and biodeposit production ( Fig. 1) . At the downstream end of the array, 15 live Atrina were implanted in a sediment tray insert (40 cm long, 50 cm wide and 15 cm deep) filled with well-sorted fine quarry sand. These Atrina protruded 10 to 11 cm above the bed, preserving a height common in field populations. Immediately upstream of the sediment tray and live Atrina, 30 Atrina shells were placed upright in lifelike positions. These shells were collected live from the field, cleaned of mussel flesh and epifauna, filled with concrete cement, and then cut to 10 to 11 cm shell length. They served to create flow acceleration and turbulence upstream of the live Atrina. Live Atrina were not used in this upstream portion because they could not be implanted in the solid floor. Within the array, distances between individuals and their orientation to the flow were matched to a randomly chosen photograph of a horse mussel patch in Mahurangi Harbour. The entire array was photographed from various angles to document the spatial arrangement of the shells and live Atrina, and the live individuals did not change their positions and heights during the experiments. By using the combination of shells (dead) and live biodeposit-producing Atrina across the whole width of the flume, we were able to simulate flow over a patch comparable in size, structure and density to those in situ ). This arrangement also made flow as uniform as possible across the flume and allowed us to quantify dispersal of biodeposits produced near the downstream edge of the array. Biode- , representative of the mean tidal currents measured above Atrina beds in Mahurangi Harbour (Green et al. 1998) . Preliminary trials using this flow speed showed that a well-defined boundary layer was formed in the flume ahead of the Atrina shell array, and that biodeposits were deposited on the smooth floor of the flume downstream of the array, upstream of where water exits the flume. To characterize the flow and boundary layer dynamics in detail, vertical profiles of flow velocity were made at several points along the centerline of the flume using a Sontek 10-MHz Acoustic Doppler Velocimeter (ADV). Profile positions were selected to describe flow upstream ('us') and downstream ('ds') of the Atrina array with distances scaled to fractions of the array length in the along-stream dimension. For example, profile us1 was located 1 patch length (85 cm) upstream of the leading edge of the array (Fig. 1) . We also recorded profiles at the leading edge of the array ('le'), within the array ('pp' and 'cp') , and at the trailing edge ('te'). Outside the Atrina array, profile measurements were made between 1 and 18 cm above the flume floor at 9 heights (z = 1, 2, 3, 5, 7, 10, 12, 15 and 18 cm above bottom, nominally). Above the Atrina, flow profiles began at 9.5 cm above the flume floor, and measurements were made at 8 heights (z = 9.5, 10, 11, 12, 13, 14, 15 and 18 cm). At one location in the array ('pp', Fig. 1 ), the arrangement of Atrina allowed the ADV to penetrate to the bed, permitting 5 additional flow measurements (z = 1, 2, 3, 5 and 7 cm above the sand bottom). The minimum height above the flume floor was chosen to insure that the bottom boundary was not included in the ADV sample volume (Finelli et al. 1999) . At each height, velocity estimates were collected for 60 s at 2 Hz. Previous, detailed mapping of the flow in this flume (unpubl.) showed no low frequency variations in flow speed, and that good estimates of mean flow speeds are obtained after 1 min of sampling. Flow measurements were made over several days at the time of our feeding experiments, and the flow settings for the impeller motor and imposed flow proved highly reproducible. Since the Atrina did not change height or orientation, the flow profiles are consistent and comparable between runs and days.
Experimental protocol and diets. In preliminary experiments, using video we were able to track the ejection and dispersal of individual biodeposits from an identified Atrina. At the observed production rates and the single, highly repeatable flow speed chosen, the biodeposits dispersed independently of each other and either settled to the flume floor or were carried in suspension into the return pipe of the flume. Biodeposits that settled to the flume floor did not subsequently fragment, resuspend or move, and because they were sparsely distributed they did not form aggregations. Individual biodeposits could be collected intact by gentle suction with a wide-mouth pipette for further analysis. Biodeposits that entered the return pipe were trapped on the flow rectifiers at the flume entrance and did not recirculate through the array. Thus it proved feasible to study the dispersal of individual biodeposits.
We examined the effect of diet on Atrina feeding behavior, biodeposit dispersal and biodeposit characteristics (size, chemical composition and settling velocity) in 6 experimental runs, with 2 different diets (see below). Four of the runs consisted of 1 h observation periods of Atrina behavior and initial biodeposit dispersal (2 periods per diet). The 2 remaining runs (1 for each diet) were conducted over 14 h to (1) examine downstream dispersal and settlement patterns of biodeposits, (2) measure biodeposit settling velocity, and (3) analyze chemical characteristics of the biodeposits. A greater number of experimental runs was not feasible because of difficulties in maintaining water quality conditions within the flume and ensuring that the mussels remained in a healthy condition. For this reason and the fact that differences in Atrina behavior and biodeposit dispersal were minimal between replicate runs, we chose to focus on individual biodeposits as our experimental unit or replicate.
Specifically, we studied dispersal of biodeposits produced by Atrina feeding on either phytoplankton (P) or a mixed diet of phytoplankton and silt-clay (PS), 2 diets chosen to span the range of seston quality that mussels are likely to experience in situ where resuspension of bottom sediments can alter the characteristics of the seston available for ingestion (Grant 1996) . During feeding periods (several hours or overnight, see below) the flow was turned off, the live Atrina were surrounded by a plastic curtain that extended throughout the water column, and the diet was added to this restricted volume; several airstones were placed in the enclosure to prevent sedimentation of the diet. The P diet consisted of 40 ml of Isochrysis galbana culture added to the 90 l enclosure, giving a final concentration of 1.56 × 10 5 cells ml -1 or 5 mg l -1 (3.3 × 10 -11 g cell -1 , Pilditch unpubl.). The PS diet was prepared by wet-sieving (< 30 µm) silty sediment from Mahurangi Harbour, and combining this sediment with 40 ml of the algal culture. Adding the silt-clay slurry increased suspended seston concentrations to 250 mg l -1 within the 90 l feeding enclosure.
The first 4 experimental runs were behavioral experiments over a 5 d period starting with 2 d of acclimation to the flume. Prior to the experiments, Atrina were fed the P diet overnight to acclimatize to the diet and then again for 2 to 3 h in the morning to ensure satiation and biodeposit production. The first 2 runs using the P diet were then conducted by videotaping Atrina behavior and biodeposit dispersal during 2 separate 1 h periods under flow; the 1st in the morning and the 2nd in the afternoon. The following day, all settled biodeposits within and downstream of the array were removed with a wide-mouth pipette (0.5 cm across). The 2 P-diet feeding and flow runs were followed by an acclimation period to the new PS diet by twice feeding with the PS diet overnight and allowing sufficient time for gut clearing (gut passage times are several hours, J. E. Hewitt pers. comm.). As with the P diet treatments, the PS diet was added early in the day, after which we recorded 2 separate, 1 h periods of video, again in the morning and afternoon. Flume flow was maintained overnight for a further 14 h to allow for gut clearance. Again, all settled biodeposits within and downstream of the array were removed. The Atrina were maintained unfed in the flume flow for the next 3 d.
The last 2 experimental runs were designed to quantify the downstream dispersal of biodeposits produced after feeding upon the 2 diets, P and PS. Although we collected biodeposits produced during behavioral experiments, we found that too few accumulated downstream of the array during the 1 h observation periods for adequate statistical analysis. Our deposition runs were conducted on 2 consecutive days using the P diet on the first day and PS on the second. During and immediately following feeding, all biodeposits present within and downstream of the array were removed. The flow was restarted and biodeposits were allowed to disperse in the flow and accumulate overnight on the flume floor. We collected all biodeposits from within the live Atrina array, and all of those downstream for our P sample, or enough to reach about 100 for the PS sample (i.e. > 95% of all deposited). We recorded positions in the cross-stream and downstream directions, and carefully removed biodeposits using a wide-mouth pipette (0.5 cm across), measuring the length and width of each biodeposit to ± 0.5 mm. The settling velocity of each biodeposit was determined by measuring the fall time in a 50 cm high × 8 cm diameter glass cylinder filled with seawater, disregarding values if the fall path brought the biodeposit to within 1 cm of the cylinder's sidewall. Statistical comparisons were made on the size (length and width) and settling velocity of biodeposits collected from both within and downstream of the Atrina array in the 2 treatments (P and PS). The data were tested for normality and homogeneity of variances (Shapiro-Wilk's and Cochran's tests at α = 0.05, respectively), log-transformed where necessary, and analyzed using ANOVA (Zar 1984) . For each diet, individual biodeposits were collected at the bottom of the cylinder, pooled, frozen and analyzed for organic carbon and nitrogen content with a Perkin-Elmer 2400 CHN analyzer.
We used 3 video cameras to track dispersal of biodeposits in the behavioral experiments. Camera 1 was positioned to the side of the flume and focused on the live Atrina to quantify the elevation of release or ejection, and of the initial trajectories of the biodeposits. Camera 2 also recorded from the side, but downstream of the Atrina array. Camera 3 provided an overhead view of the live Atrina to assess their feeding activity.
To quantify biodeposit production and dispersal, we analyzed 4 h of video recordings from each camera (i.e. the two 1 h recordings immediately following feeding on each of the 2 diets). Images from camera 1 were displayed on a video screen overlaid with a grid, and each biodeposit was associated with a known, individually numbered Atrina. For each biodeposit, we recorded 2 variables. First, the 'sweep point' defined as the height above the bed at which the biodeposit was first moved downstream by the flow. Secondly, for biodeposits forcibly ejected upward by valve closure (readily apparent on the tape), we define the 'ejection distance' as the vertical distance from the Atrina's mantle edge (i.e. where the biodeposit was released) to the sweep point. Distances measured from the screen were corrected for perspective distortion (± 0.5 cm) using the known cross-stream-position of each Atrina and a calibration formula derived from recordings of a 1 cm 2 grid pattern at 3 positions across the width of the flume. Our calibration formula was dependent only on the crossstream position, since this dimension accounted for 97% of the scale variation. Slight discrepancies in numbers of events reported below reflect the fact that in a few instances we observed biodeposit production but were unable to record one of the trajectory parameters. Feeding activity, assessed by the shell gape of each Atrina individual, was estimated from the overhead video (camera 3) by capturing still images every 2 min.
We combined the video data from the two 1 h observation periods for each diet because these represent feeding and biodeposit production during the period best characterized by our experimental treatments, and together the 2 h of recording yielded enough biodeposit production events for statistical analysis. It proved impractical to record videos and analyze overnight recordings for production events. The subsequent overnight runs were necessary to yield adequate numbers of deposited biodeposits for our analyses. Consistent with our analysis of individual biodeposit dispersal and settling characteristics, we treated production of biodeposits (i.e. individual ejections) as replicate events for statistical analysis. Differences in Atrina feeding be-havior (biodeposit ejection frequency) and dispersal dynamics (the proportion of biodeposits retained or exported from the array and the fraction of biodeposits settling downstream of the array) as a function of diet were also examined statistically.
RESULTS

Flow conditions
Vertical flow profiles well upstream of the array (us1 and us0.5, Fig. 1 ) were used to estimate the imposed flow conditions. Free stream speeds were 4 to 4.5 cm s -1 , and at position us0.5 the shear velocity (u * ) was 0.18 cm s -1 and roughness length (z 0 ) was 0.00061 cm, both estimated from the regression of velocity versus the natural logarithm of height above the bed (Muschenheim et al. 1986 ). The straight-line log plots (r 2 > 0.97) and the negligible difference in the flow profiles between us1 and us0.5 are indicative of a welldeveloped, approximately logarithmic boundary layer imposed on the array (Fig. 2a) . Changes in mean flow (Fig. 2c) are clearly seen as the flow accelerates over the Atrina array in a skimming flow. Since the array extends across the full width of the flume, there is a change in flow depth, and the potential for a change in hydraulic regime. However, tranquil flow was present throughout the flume since Froude numbers are ≤ 0.035, much less than 1 at which a hydraulic jump to shooting flow would occur (Nowell & Jumars 1987 , Vogel 1994 . Flow speeds within the array itself (pp) are greatly reduced (0.5 cm s -1 at z < 10 cm, Fig. 2c ) compared to the same height at us0.5 (3.8 cm s (Fig. 2c) . Profiles at ds0.5 and ds1 both show appreciable departure from a straight-line log profile, as well as a sizable downward velocity component up to 0.7 cm s -1 at ds0.5 (Fig. 2c) . Compared to the upstream profiles, the downstream flows are greater at a height of 10 cm (the height of the Atrina) and are reduced below this height, in the lee of the array. These flow differences weaken as the distance downstream increases. Initial biodeposit dispersal Mean sweep point 5.2 ± 2.9 9.3 ± 3.2 (cm above the bed) (n = 121) (n = 81) t-test of means t = -6.57, p < 0.001
Mean ejection distance 1.7 ± 0.8 1.6 ± 0.8 (cm above the mantle) (n = 42) (n = 50) t-test of means t = 0.68, p = 0.50 Table 1 . Atrina zelandica. Feeding behavior, biodeposit production and initial biodeposit dispersal as a function of diet. P = phytoplankton diet; PS = phytoplankton + silt diet (means ± SD; n: sample size) Note that most of our biodeposition observations were within this downstream wake region.
Biodeposit production, ejection and export
All Atrina fed on both diets remained open for at least a part of the observation period, and most individuals (≥12 of 15 Atrina) produced biodeposits (Table 1) . Video documented that individual Atrina contributed variable numbers of biodeposits and verified that recirculated biodeposits did not bias our data. We confirmed our preliminary observation that ejection and transport of any single biodeposit was independent of other such events (thus, justifiably constituting replicates), and there was no behavioral interference or changes in biodeposit production due to external stimuli. Biodeposits were produced by most of the live Atrina in the array, and hence subsequent dispersal was not biased by release from only 1 or 2 locations in the flume, neither laterally nor with respect to streamwise position.
The sweep point and subsequent dispersal of Atrina biodeposits was strongly affected by diet. Biodeposits produced while feeding on the PS diet began moving downstream at a height nearly twice that of the P diet biodeposits (Table 1 , t-test p < 0.001). The difference in sweep points was due in part to a greater fraction of the PS biodeposits being ejected well clear of the Atrina (62 vs 35% for the P diet; Table 2 , χ 2 test p < 0.001). In addition, the P biodeposits tended to be released as a continuous string that drifted beneath the mantle edge before detachment. Although the rates of biodeposits ejected differed between diets, the mean ejection distances were similar (Table 1) . Despite the fact that PS biodeposits had higher sweep points, there was an 8-fold increase in the proportion retained within the array (25 vs 3% retained; Table 2 , χ 2 test p < 0.001, Fig. 3 ).
Biodeposits took highly variable paths as they were swept downstream in turbulent flows. The percentage of total biodeposits settling to the flume bottom within our working section downstream of the array (≤120 cm), did not differ substantially between diets (Fig. 3, Table 2 , χ 2 test p = 0.50). Thus the overall result of increased silt in the diet was greater deposition within the array, and consequently fewer biodeposits were exported from the patch. For the P diet 83% of the biodeposits left the array and working section, whereas for the PS diet only 57% left. Biodeposits rarely fragmented after ejection, and even when this occurred the fragments took very similar trajectories downstream. Likewise, occasional biodeposit pieces connected by a nearly transparent mucus filament separated but again took similar downstream trajectories. Fig. 3 . Atrina zelandica. Graphical summary of source and fate of biodeposits after feeding on (a) phytoplankton (P) and (b) phytoplankton + silt (PS). Values are % of the events observed on videotapes (summarized in Table 2 ). Horizontal arrows show direction of biodeposit transport; upward arrows represent ejection of biodeposits by A. zelandica (shaded cones), and downward arrows indicate settling to the flume floor
Settling and organic properties of biodeposits
For both diets, most overnight biodeposits (> 70%) were found within 20 cm of the trailing edge of the array, and the numbers fell off exponentially with distance downstream (Fig. 4) . This pattern is remarkably similar for both diets. Although the decrease in biodeposit density with distance downstream appeared slightly more rapid for the PS diet, as indicated by the slopes of the ln transformed data (0.025 vs 0.021 cm -1 ), they were not significantly different (p > 0.5, t-test of slope differences, Zar 1984) .
No significant differences in biodeposit size (length or width) could be detected either with location (i.e. inside vs downstream of the Atrina array) or between diets (p > 0.05, Table 3 ). However, settling velocities were significantly different (p < 0.05) between location and diet groups with corresponding values for the PS diet biodeposits almost twice as high (Table 3) . There was no correlation between biodeposit size (expressed as area, i.e. length × width) and settling velocity for either diet (r 2 = 0.0001, p = 0.48, and r 2 = 0.005, p = 0.239 for P and PS, respectively). However, for both diets, there was a significant (r 2 = 0.1, p < 0.05), albeit weak, negative relationship between settling velocity and distance downstream of the array. The negative slope is expected since faster sinking biodeposits should settle closer to the array. From our videotapes, we saw no consistent differences in shape or size of the biodeposits, and we could not distinguish feces from pseudofeces. However, the chemical composition of biodeposits reflected the diet: P biodeposits had 3 times more organic carbon and nitrogen by weight than those produced on the PS diet (Table 3) .
DISCUSSION
Flume flow and effects of Atrina array
The Atrina array in the flume was designed to have: (1) an upstream section, (2) a section with only shells to simulate a field-sized patch and generate skimming flow, (3) live Atrina in a smaller section to study biodeposit production and trajectories, and (4) a downstream deposition section of sufficient length for deposition similar to that we observed in the field. We considered the dynamical and practical constraints of experiments using a steady but nonuniform and growing boundary layer, and matched flume to field conditions as closely as possible, to ensure proper scaling and dynamical similarity , 1987 . We determined the experimental setup based on field studies 160 Biodeposit characteristics P PS Length of biodeposits (mm) Inside 14.6 ± 8.9 (n = 11) 11.1 ± 10.1 (n = 24) Downstream 11.5 ± 11.8 (n = 62) 10.5 ± 9.0 (n = 88)
Width of biodeposits (mm)
Inside 3.5 ± 0. C:N ratio 7.7 6.9 Table 3 . Atrina zelandica. Characteristics (mean ± SD) of overnight biodeposits inside and downstream of the mussel array. P = phytoplankton diet; PS = phytoplankton + silt diet. Chemical properties determined on pooled samples. ANOVA among means showed no significant differences (p > 0.05) among biodeposit lengths or widths; all 4 settling velocities differ significantly from each other (p < 0.05) (Green et al. 1998) , previous studies in this flume, and our preliminary observations with Atrina in the trial runs. By placing a limited number of live Atrina at the downstream end of the array we ensured that biodeposits were produced at a rate that allowed each event to be treated independently. This positioning of the live Atrina also maximized the potential for export from the array so that length scale for dispersal and potential impacts on the surrounding benthos could be assessed. Our analysis of flow profiles upstream, amid, and downstream of an Atrina array (Figs. 1 & 2) concurs with that of Green et al. (1998) that Atrina add significant flow disruption and roughness to the bed and have strong influences on near-bed flow. The wake region immediately downstream of the array is a zone of complex flows that extends at least 85 cm downstream (Fig. 2b,c) . Even though only one flow speed was used, our results illustrate how biodeposit dispersal is related to diet quality and feeding behavior under realistic flow conditions.
We used flow depths deeper than normally recommended for the dimensions of our flume , 1987 , Muschenheim et al. 1986 ) to cover the upright Atrina and allow ejection of their biodeposits without interference from the water surface. As a consequence, a boundary layer was not fully developed before the leading edge of the Atrina array. Using standard formulas (Nowell & Jumars 1987 , Vogel 1994 ) and u * measurements at u0.5 and u1, we calculated the thickness of the turbulent boundary layer to be around 12 cm, comparable to that of the Atrina array height (10 to 11 cm). Indeed, the 2 upstream flow profiles are very similar and approximately logarithmic (Fig. 2a) , and we used them to characterize the imposed flow in terms of shear velocity and freestream flow. The profiles (mean downstream speeds) from 12 to 18 cm above bottom are uniform to < 2.3% and are a valid estimate of the freestream flow speed. Over the array, water accelerates well above the freestream speed and is displaced in skimming flow higher than the predicted boundary layer. The detailed structure of the boundary layer flow upstream of the Atrina is of little consequence to the skimming flow above or the turbulent wake just downstream, which is the region of interest in our experiments.
There was no evidence of strong secondary flows from either the videos of biodeposit trajectories or cross-stream flow vectors measured down the centerline. Because our experiments were conducted over several days, it was more important that the imposed flow was repeatable and that neither Atrina shells nor live individuals moved. This was verified over the course of our experiments and depositional runs, and no temporal changes in either skimming flow or wake regions were detected throughout the experiments. We required reproducibly identical flow conditions for the different feeding treatments, because flow itself, or in combination with food concentration as flux, has been related to effects on feeding and growth of suspension feeders (Lenihan et al. 1996 , Finelli et al. 2002 . Any differences between diets in biodeposit characteristics, production or behavior can thus be ascribed to diet treatment differences.
Diet effects on biodeposit production
Atrina produced biodeposits on both experimental diets ( Table 1) that spanned the natural range of seston quality. Increased concentrations of sediments (particularly silt and clay) in the seston can significantly increase the production of pseudofeces (e.g. Robinson & Langton 1980 , Iglesias et al. 1992 ) and change both the quantity and quality of biodeposits. Hewitt et al. (unpubl.) found that 93 to 95% (dry wt) of all the biodeposits produced were pseudofaeces when Atrina fed on both natural seston (20 to 30 mg l ). Atrina similar in size to those used in our flume experiments had typical biodeposition rates of 5 to 30 mg dry wt ind.
-1 h -1 , depending on seston concentration. Moreover, the Atrina in these experiments were highly selective, rejecting most of what they filtered as pseudofeces, which were produced in copious amounts under high seston concentrations. The diets were chosen to represent variations in diet quality expected in the field, where phytoplankton are at times diluted with low food quality silt from resuspended bottom sediments or terrestrial input. Therefore, most of the biodeposits produced on the PS diet were probably pseudofaeces, as shown by their chemical properties (Table 3) .
A greater fraction of biodeposits produced on the PS diet was ejected into the overlying flow (62 vs 35%, Table 2 , Fig. 3 ). This represents an important behavioral response to diet treatments. Our observations cannot determine whether filtration rates were lowered, more effort was placed in rejecting silt particles, ingested particles passed more slowly through the gut, or even whether more pseudofeces were produced relative to feces. However, most of the PS biodeposits were ejected well above the Atrina array by a sharp contraction of the valves rather than being released from the valve margins. Flow acceleration and steep velocity gradients (Fig. 2c) , over the array mean that a small variation in release height will affect the distance of transportation downstream. Although the PS biodeposits were ejected to higher sweep points, they were 8 times more likely to deposit within the Atrina array (Fig. 3) . While almost all of the P biodeposits went downstream, only 3 /4 of the PS biodeposits were exported from the array.
Biodeposits produced on the PS diet fell twice as fast as those produced on the P diet (Table 3) . Based on length and width measurements, there was no difference in biodeposit size between diets, nor was there any strong correlation between settling velocity and size measurements for either diet. If settling velocity largely determines settling location, biodeposits that settle faster should be deposited nearer the trailing edge of the array, i.e. there should be a negative correlation between settling velocity and distance downstream. We found only a weak correlation of downstream distance with settling velocity for either diet, suggesting that other variables are important (e.g. sweep point, turbulence, downward velocity components; see 'Modeling biodeposit dispersal in simple boundary layers' below).
Our measurements on suspension-feeder biodeposits can be compared to those made by Taghon et al. (1984) for pellets of the deposit-feeding polychaete Amphicteis scaphobranchiata inhabiting muddy sediments. Pellets are ejected into the overlying flow and travel downstream before depositing on the bed. The polychaete feces were rod shaped and smaller (mean length = 0.6 cm, diameter = 0.15 cm) than those produced by Atrina, although their mean settling velocity was up to 2 times higher. Taghon et al. (1984) also found that diet quality influenced biodeposit settling velocity. This emphasizes the difficulty in predicting settling rate and ultimately flux from biodeposit size alone.
Downstream pattern
The overnight accumulations fell into a simple pattern of an exponential decrease with distance from the trailing edge (Fig. 4) . For both diets, 70% of the biodeposits settled within 20 cm of the array's trailing edge, and the remaining deposits were distributed thinly further downstream (Fig. 4) . Overall, the deposition patterns for the 2 diets were remarkably similar despite the differences in sweep point (Table 1) and settling velocity (Table 3) , i.e. the higher ejection points for the PS biodeposits caused by forceful ejection largely compensates for the faster settling (see next section). This pattern is a result of deposition of biodeposits produced just upstream in the Atrina array. There were very few biodeposits (< 2%) that we could not attribute to a particular Atrina in our video observations, and biodeposits not settling in the downstream camera 2 section settled in other parts of the flume or were trapped on the flow rectifiers. In the field, Atrina are often found in tidal channels with reversing tidal flows, and we expect biodeposits to accumulate on 2 sides of the patch.
Reworking of biodeposits after deposition did not occur in our experiments. Video confirmed that once settled on the flume floor, biodeposits did not move or fragment, nor did they recirculate through the flume and bias our results. Much greater flow velocities are needed to erode the biodeposits and flush them from the working section of the flume. (Pilditch unpubl.) . The pattern of initial deposition we documented here should be found in the field under typical tidal flow conditions. When much higher flow speeds are encountered (a case beyond the scope of our work), the biodeposits will probably be resuspended in fragments and with altered physical and chemical properties, depending on their age (see Nowell et al. 1981 , Taghon et al. 1984 .
We designed our array with the live, biodeposit producing Atrina at the downstream end to study export and deposition in the lee of a patch. Water flow is necessary for biodeposit export from an Atrina patch: observations without flow showed that all feces and pseudofeces were deposited within the patch. From our videotape observations and flow measurements, we expect that biodeposits produced by Atrina farther upstream would deposit in the array. Flow speeds within the array itself were much lower than above it (Fig. 2c) and a biodeposit that falls below the skimming flow or is entrained downward in turbulence, will be retained inside the array. Higher flows would sweep biodeposits further downstream, but might also lead to increased biodeposition in the wake region, which would also extend farther downstream. These predictions should be verified in future flume experiments.
Modeling biodeposit dispersal in simple boundary layers
There are several models of the transport of biogenic particles, fecal pellets, other biodeposits or larvae. They all start with some basic input parameters, typically initial height of the particle off the bed and its settling velocity, combined with an approximation to the velocity field in a turbulent boundary layer. The 2 calculated parameters of primary interest here are time and distance to contact with the bottom (e.g. McNair et al. 1997 , Fonseca 1999 , McNair 2000 , McNair & Newbold 2001 . Results may be provided in terms of power-law relationships (e.g. Fonseca 1999), distributions of values based on a probabilistic model (McNair et al. 1997 , McNair 2000 , McNair & Newbold 2001 , or numerical simulations of advection-diffusion equations (e.g. Eckman 1990 , Gross et al. 1992 , Eckman et al. 1994 . Results generally confirm the strong dependence of settling time or distance on initial height above the bottom and the particle's settling velocity. Model results may also account for bottom roughness and near-bed turbulence, but only for a bed that is smooth and flat or composed of uniform roughness elements.
We developed a simple Monte Carlo simulation of the ejection and transport of Atrina biodeposits downstream and their subsequent contact with the bed. If the biodeposits are released at a given height above the bottom (z h ) into a horizontal flow and fall with a vertical settling velocity (w s ), then the distance between the release point (our 'sweep point') and deposition to the bed (x d ) is given by:
( 1) where u -is the vertically averaged flow speed from the release point down to the bottom. This relationship holds true regardless of the shape of the flow profile (e.g. logarithmic or perturbed; Fig. 2a,b) and it is approximately true as long as the profile changes only slowly in the along-stream direction. We assume that the horizontal flow speed at a given height above the bed (u z ) can be described by a log boundary layer: (2) where u * = bed shear velocity, z 0 = roughness length scale and κ = von Karman's constant (taken to be 0.41). This is a rough approximation based on departures from straight-line log plots in Fig. 2b , although this flow profile is the proper downstream limiting case for our flume. The mean flow speed between the bed (actually z 0 , where log layer flow reaches zero) and z h is: (3) Using Eqs. (1) & (3), we can examine the effects of near bed flow speed, biodeposit ejection height and fall velocity on dispersal distance.
We ran Monte Carlo simulations of Eq. (1) with the input variables constrained by our flume, video and settling chamber measurements to verify the exponential relationships in Fig. 4 . Specifically, we used a boundary layer characterized by the upstream u * = 0.18 cm s -1 and a z 0 = 0.00061 cm (measured at us0.5, Fig. 2a) . We generated 5000 random vertical release points normally distributed with a mean and standard deviation as given in Table 1 . In a similar manner, 5000 settling velocities were produced, based on the values obtained for biodeposits collected downstream of the patch (Table 3) . Because we have no data correlating sweep point and settling velocity, these random variables are statistically not correlated in our model. The downstream dispersal distance (x d ) was corrected for a random release point (by subtracting a distance between 0 and 25 cm from x d ) within the sector with live Atrina.
The model predicts that peak deposition will be 0 to 10 cm downstream of the Atrina array (Fig. 5 ) and nearly 70% of the biodeposits will accumulate within 20 cm of the array, similar to the results observed in the flume (Fig. 4) . However, the model predicts no deposition in after 80 cm, whereas in the flume biodeposits were found up to 130 cm downstream. This difference is probably related to the simplistic representation of the flow field in the model (compare with Fig. 2b ). Biodeposits released higher in the flume boundary layer actually travel further, because due to flow acceleration over the patch the modeled boundary layer underestimates mean flows in this region. This should account for differences in downstream dispersal.
The pattern of downstream deposition is similar between the flume (Fig. 4) and the model (Fig. 5) , both exhibiting an exponential decrease downstream from the region of peak deposition. Given that the modeled biodeposits did not extend as far downstream, the slope of this decline was approximately 3 times steeper than that observed in the flume. As in the flume, the decrease in abundance for the modeled data was slightly higher for the PS diet (PS slope = -0.083 vs P slope = -0.069 estimated by linear regression on ln transformed data). The ratio of the slopes (PS:P) for the modeled distribution = 1.20 and for the flume observations = 1.19 is remarkably similar and may reflect the dependence of the slope (i.e. curvature) on the mean settling velocity. Additional model runs showed that a fixed release point (e.g. 7 cm, an average for both diets, Table 1 ) yielded very different downstream distribution patterns for the 2 diets. Thus, even though the PS biodeposits settle faster and should be retained close to the array, the fact that their release points are higher offsets this. In practice, the downstream distribution of PS biodeposits is more similar to those of the P diet than would be expected from considering either settling or release alone. Although this simple model largely predicts the dispersal pattern, extrapolation to other conditions is not justifiable. More realistic flow fields, including the wake region itself (Fig. 2b,c) , could be included in the model, albeit at much greater computational cost. Similarly, heavier biodeposits ejected into the water column are likely to travel further due to accelerated flow over the array (compare flow profiles in Fig. 2) . Given the steep gradients in flow speed above the Atrina array (Fig. 2c) , the distribution of sweep points relative to the top of the array could greatly affect downstream dispersal. This was partly included in the model using the random release height (z h ) but with a log boundary layer (Eq. 2) lacking the steep velocity gradients we measured above the array (Fig. 2c) . There could be a correlation between sweep point or ejection distance, and settling velocity, and this would have strong effects. For example, lighter biodeposits would settle closer to the array if released lower in the flow. It was apparent from video camera 2 that more than half of the biodeposits were transported out of the working section (cf. Fig. 3 ), whereas we were able to measure settling velocities from biodeposits only within this section, and thus our sample is statistically selfcensored. Clearly, the settling velocity distribution of all biodeposits would be needed before different flow velocities can be modeled. Despite the shortcomings recognized here in terms of the boundary layer and truncated distribution of settling rates, this simple modeling approach can guide future flume experiments or field studies on Atrina beds.
Ecological effects of biodeposit dispersal
Atrina is a large suspension-feeding bivalve producing significant amounts of biodeposits. Density manipulation experiments and surveys have demonstrated significant effects of Atrina on surrounding macrobenthic communities, although the strength and direction of these effects varied in space and time (Cummings et al. 1998 . Nevertheless, local hydrodynamic conditions and the spatial arrangement of individuals within Atrina beds were important variables explaining site differences, suggesting that local patterns of biodeposit influx play an important role in affecting surrounding macrofaunal communities. This was verified by Norkko et al. (2001) , who found approximately 25 to 30% higher rates of sedimentation and organic-rich biodeposit inputs within 10 cm of Atrina individuals and patches compared to only 30 cm away. Seafloor sediments close to Atrina were enriched in carbon and nitrogen and had more diverse and abundant macrofaunal assemblages that were generally dominated by deposit feeders, demonstrating a strong link between localized inputs of biodeposits and benthic community structure. However, the importance of this interaction decreased with increasing background sedimentation, possibly because the high rates of deposition of poor quality sediment produce dilution rather than enrichment. We found that more biodeposits were retained within the array when silt was incorporated into the diet (Fig. 3) . However, these higher rates of biodeposition represented inputs with low organic carbon and nitrogen (Table 3) resulting in potentially negative ecological feedback mechanisms between the diet of the suspension feeder and the surrounding benthic ecosystem.
The overnight deposition patterns we observed in the flume matched those determined with small sediment traps in the field (Norkko et al. 2001) . In both studies higher deposition patterns were found in the immediate vicinity of the Atrina compared to further away (Figs. 3 & 4) . In freshwater lotic systems, the downstream dispersal of fecal pellets produced by blackfly larvae (e.g. Wotton et al. 1998 , Fonseca 1999 has been given considerable attention. Because of the high density of individuals on the stream bed, the small size and settling rate of the pellets, and strong, steady channel flows, blackfly larval feeding and pelletization represent an important transformation and downstream flux of organic matter in streams and rivers over considerable distances , but see Monaghan et al. 2001) . Blackfly fecal pellets travel hundreds of meters to kilometers downstream (Wotton et al. 1998 , Malmquist et al. 2001 , in extreme contrast to the highly localized deposition seen here for Atrina (and other cases studied in laboratory flumes, see citations below). Futhermore, biodeposit dispersal patterns in marine and estuarine environments will be more variable temporally and spatially in response to changes in tidal flows and wave-induced oscillatory flows. We expect that the scale of patchiness in the distribution of food resources around individuals or patches of Atrina will be influenced by both hydrodynamic conditions and by the topographic surface roughness of the downstream area.
Several previous studies have demonstrated passive accumulation of organic matter in relation to seafloor roughness or hydrodynamic baffling of the flow (Eckman 1979 , van Blaricom 1982 , Peterson et al. 1984 , Snelgrove et al. 1993 . Laboratory and field studies have shown that boundary flow conditions and sedimentation processes are modified around individual structures such as tubes (Eckman 1985) , bivalves (Ertman & Jumars 1988 , Monismith et al. 1990 ), feeding pits (Yager et al. 1993) , and over structures such as bivalve beds (Fréchette et al. 1989 , O'Riordan et al. 1993 , 1995 , Green et al. 1998 , Pilditch et al. 1998 ) and seagrass beds (Peterson et al. 1984 , Peterson 1986 , Nepf et al. 1997 . Emergent structures, whether plant shoots, tubes or shells, cause near-bed flow to vary spatially (i.e. accelerate and decelerate) around the obstruction, and typically produces a volume of much reduced flow inside it. Decelerating flow results in concentration of suspended particles and enhanced deposition. Benthic fauna inhabiting these areas experience different flow and sedimentation dynamics than in adjacent regions. The net effect on larval and postlarval stages should depend on the balance of hydrodynamic (including baffling and sedimentation, Peterson et al. 1984) and biologically mediated process (growth, predation or settlement, Peterson 1986 ). However, the strength of many ecological effects will be modulated by the gradient of biodeposit dispersal and the structural roughness elements (Norkko et al. 2001) .
We have demonstrated that biodeposit dispersal downstream of the horse mussel Atrina zelandica depends on the interaction between behavioral responses to the diet, and settling velocity and boundary layer flows. Biodeposits produced when silt was added to the diet had twice the settling velocity of those from the pure phytoplankton diet and were more likely to settle within the Atrina array. These effects altered the quality and quantity of biodeposits reaching the bed. We suggest that flow speed be varied in future studies and that experimental designs allow the detection of interactive effects between behavioral and physical factors. Such interactions should have strong, but localized effects on the incorporation of pelagic productivity into the sediments and their consequent impacts on benthic community structure.
